Abstract Weather and climate variability are predicted to impact food security by altering crop growth, phenology, and yield processes. Adaptation measures are critical for reducing future vulnerability of crop production to warming weather and climate variability. It is therefore vital to investigate the shifts in crop phenological processes in response to weather/climate variability. This study analyzes the trends in the dates of winter wheat (Triticum aestivum L.) phenology in relation to average temperature of different growth stage and the adaptation of the crop to weather/climate variability in China. The results suggest that the phenological phases of winter wheat have specific regional patterns in China. There are also significant shifts in the dates of winter wheat phenology and the duration of the growth stages in the investigated 30-year period of 1980-2009. While the date of sowing winter wheat delays, the dates of post-winter phenological phases (e.g., heading and maturity dates) advances in most areas of China. Detailed analysis shows that the changes in the phenological phases of winter wheat are strongly related to temperature trends. Temporal trends in phenological phases of winter wheat are similar in characteristics to corresponding trends in temperature. Although warming weather and climate variability is the main driver of the changes in winter wheat phenology, temperature is lower than before in most of the investigated stations during the period from heading to maturity-mainly the grain-filling stage. This is mainly due to the early heading and maturity dates, which in turn not only prolong growth Mitig Adapt Strateg Glob Change (2015) 20:1191-1202 DOI 10.1007 Electronic supplementary material The online version of this article (doi:10.1007/s11027-013-9531-6) contains supplementary material, which is available to authorized users. stages but also enhance productivity of winter wheat. This could be a vital adaptation strategy of winter wheat to warming weather with beneficial effects in terms of productivity.
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Introduction
With warming weather and climate variability across the globe in the last half century or so (IPCC 2007) , a significant warming is noted since the 1980s in China (Ding et al. 2006) . Studies show that weather/climate variability affects the development and productivity of field crops and influences food security (Tingem and Rivington 2009; Misra 2013; . Plant phenology, generally defined as the phasic process of plant cycle or timeline activities of plants (Lieth 1974) , has a considerable history of scientific research (Menzel 2002; Chmielewski et al. 2004) . Plant phenology is a plant growth progress driven largely by meteorological conditions (Menzel et al. 2006 ). Phenological change is among the most used indicators for variability of weather/climate and environmental conditions (Zheng et al. 2002; Estrella et al. 2009 ).
Observations of phenological processes are relative cost-effective and plant phenology responds to various meteorological and environmental factors. Exploration of global and planetary change suggests a close connect between plant phenology and weather/climate variability (Chmielewski et al. 2004; . Several studies show that spatiotemporal changes in plant phenological seasons in the northern hemisphere are mainly driven by warming weather and climate variability (Myneni et al. 1997; Diskin et al. 2012; Siebert and Ewert 2012; . Early phenological processes are noted in leafing and flowering of plants (Estrella et al. 2009 ). Crop phenology can be confounded by the effects of weather/climate conditions and agronomic factors such as cropping systems, cultivar choices, and soil conditions. Although the timing of farming operations is to some extent controlled by man, it is not completely independent of weather conditions (Craufurd and Wheeler 2009) . Annual phases of crops such as heading, flowering, and maturity are strongly influenced by weather conditions (Hu et al. 2005; Tao et al. 2006; Estrella et al. 2009; .
The impact of weather/climate variability on crop productivity is demonstratedly measured by timing crop growth stages (Kelman and Dove 2009) . A number of studies have focused on the relationship between change in plant phenology and weather/climate variability (Chmielewski et al. 2004 ). However, less remains known about the adaptation of crops to warming weather and climate variability and its mitigation effects on crop productivity and food security (Tao et al. 2006) . In phenological changes, crops generally alter growth conditions and adapt to weather/climate variability to mitigate the effects of the changes . It is therefore critical to investigate the shifts in crop phenological processes of adaptation to weather/climate variability in major crop production regions.
As the third main food crop (after rice (Oryza) and maize (Zea)), wheat (Triticum aestivum L.) is a traditionally, high-end cultivated crop in China. Winter wheat accounts for over 90 % of China's wheat production. The prevailing soil and climatic conditions in China's arable lands are specifically suitable for winter wheat cultivation (Fig. 1) . Because of winter dormancy and active summer growth, winter wheat is especially sensitive to weather/climate conditions . Changes in winter wheat phenology are readily observed and directly monitored in conventional field experiments. The changes in the dates of phenological phases are widely used to assess the response of winter wheat to weather/climate variability (Stacks et al. 2010) .
In this study, the phenological phases of winter wheat is analyzed for the period 1981-2009 using field data collected from 82 agro-experimental stations across China (Fig. 1) . The agroexperimental stations cover nearly all major winter wheat cultivation regions in China. The study primarily analyzes the spatiotemporal variability in phenological phases of winter wheat in the three decades spanning 1981-2009. The study further determines the phenological trends in winter wheat and temperature across China. The results of the study could enable farmers to either adapt the timing of cultivation to weather/climate variability or to adopt highyield cultivars under warming weather and climate variability.
Data and methods

Data
Data on winter wheat phenology are collected from 82 national agro-meteorological experimental stations for the period 1981-2009. The stations, operated by Chinese Meteorological Administration and provincial-level meteorological administrations, are fairly distributed across main winter wheat cultivation regions in China (Fig. 1) . Enlisted agro-technicians in each station are used to record the dates of the main phonological phases during winter wheat season. The phenological processes include the dates of sowing, emergence, heading, anthesis, and maturity. Appendix S1 depicts a list of the stations along with their geographical (longitude, latitude, etc.) and phenological (stage, date, etc.) attributes. Daily weather data (e.g., minimum, maximum, and mean temperature) for 1980-2009 are from a total of 756 ground-based meteorological stations across the country. Of the 756 meteorological stations, 58 are in the agro-meteorological stations. This implies that there are no nearby weather stations in 24 of the investigated agro-meteorological stations. For the 24 stations, daily weather data are estimated using the Thornton et al. (1997) method. The method is used to interpolate data from the 756 weather stations to the nearest 10-km resolution. Using this method, daily average temperature is derived for each agrometeorological experimental station for the period 1980-2009.
Methods
In this study, the mean dates of sowing, heading, and maturity of winter wheat in 1980-2009 are first computed for each station. Then based on the results, the mean temperatures (T mean ) of the three growth stages of sowing to heading (vegetative growth period, VGP), heading to maturity (reproductive growth period, RGP), and sowing to maturity (whole growth period, WGP) are separately computed for each station. Next, the mean of the field-observed temperatures (T′ mean ) of the three growth stages (VGP, RGP, and WGP) are calculated based on the observed sowing, heading, and maturity dates in each of the stations.
Using regression analysis, the trends in the phenological phases of winter wheat, the durations of the growth stages, and the corresponding average temperatures (T mean ) are calculated for each station for the period 1981-2009. The time-variant trend of each variable is determined using the linear regression model:
where Y i,j is the observed phenological date in year i and station j; k is the linear regression slope; b is the slope intercept; and X i,j is the year. Then i=1, 2, 3, ⋯, 29 and j=1, 2, 3, ⋯, 82. In this study, statistical significance is determined using the two-tailed t test analysis. The sequential Mann-Kendall trend test (Sneyers 1975 ) is used to determine the relationship between the phenological phases and the mean temperatures of the corresponding growth stages. The sequential Mann-Kendall trend test gauges the start of a trend in a give sample X 1 , ⋯,X n from a set of random variables X, based on ranked series of progressive and retrograde curves of the sample. The magnitudes X i of annual mean time series and i=1,⋯,n are compared by X k , where k=1,⋯,i−1. For each comparison, the number of cases X i >X k is counted and denoted by d k . The test statistic is given as:
which is normally distributed for a given mean of:
and variance of:
The forward sequential values of the statistic UF k are calculated as:
and the backward sequence UB k is calculated using the same equation, but in the reverse order of the data series.
In the two-sided trend test, a null hypothesis is accepted at α significance level if UF k ≤ UF k(1-α/2) , where UF k(1-α/2) is the critical value of the standard normal distribution with a probability exceeding α/2. A positive UF k denotes an upward trend whereas the reverse denotes a downward trend. In this study, α is set at 0.05 significance level. The sequential Mann-Kendall test detects the approximate time a trend starts from the intersection point of the forward and backward curves of the test statistic. If the intersection point is significant at α= 0.05, then the critical point of change is at that period.
Results
Spatiality of phenological phases
Mean sowing date of winter wheat shows an obvious regional pattern for the period 1980-2009 (Fig. 2a) . In China, winter wheat is generally sown from late September (DOY 260) to mid November (DOY 317). Sowing date occurs earlier with increasing latitude (Fig. 2a) . Also mean heading date of winter wheat follows a clear regional pattern for the period 1980-2009. Heading is generally from late February (DOY 52) to late May (DOY 152) (Fig. 2b) . Unlike sowing date, heading date significantly delays with increasing latitude (Fig. 2b) . The spatial pattern of maturity date of winter wheat is plotted in Fig. 2c . Winter wheat generally matures in late April (DOY 115) to mid-July (DOY 197) and the date of maturity delays with increasing latitude (Fig. 2c) .
There is a clear spatial pattern in the length of period of the growth stages for 1980-2009. As in Fig. 2d , the period from sowing to heading (VGP) is 110-245 days. Also, the period from heading to maturity (RGP) is 37-52 days (Fig. 2e) . Whereas VGP increases with increasing latitude (Fig. 2d) , RGP decreases with increasing latitude (Fig. 2e) . The period from sowing to maturity (WGP) of winter wheat is 166-288 days. Like VGP, WGP increases with increasing latitude (Fig. 2f) .
Temporality of phenological phases
The sowing date of winter wheat depends not only on climatic conditions but also on other factor including soil water content and farm management practices. Of the 82 data stations, there is a significant (p<0.05) delay in sowing date in 23 stations. For 1980-2009, sowing date delays by up to 6.3 days per decade in the 23 stations and advances by up to 5.8 days per decade in four stations (Fig. 3a) . As in Fig. 3b , heading date of winter wheat advances on average by up to 12.4 days per decade. The trend in early heading is significant trend for 72 stations. Similar to heading, early maturity of winter wheat is noted in most of the stations. However, the number of days of early maturity of winter wheat is less than number of days of early heading in the study area (Fig. 3c) .
The advances or delays in phenological phases of winter wheat correspond with the durations of the different growth stages. As depicted in Fig. 3d , the time from sowing to heading (VGP) shortens in most of the stations, significant (p<0.05) for 45 stations. Conversely, the time from heading to maturity (RGP) slightly prolongs on average by up to 6.0 days per decade in most of the stations, significant (p<0.05) for 37 stations (Fig. 3e) . As in Fig. 3f , the time from sowing to maturity (WGP) shortens on average by up to 11.3 days per decade in a large number of the stations, also significant (p<0.05) for 30 stations.
Phenology and temperature
The sequential Mann-Kendall test is used to graphically illustrate the trends in heading and maturity dates and in mean annual temperatures (T mean ) for the period from sowing to heading (VGP) and sowing to maturity (WGP) in 1981-2009. As shown in Fig. 4a , c, there is an insignificant delay in the dates of heading and maturity in 1981-1988. However, the dates of heading and maturity start occurring early in 1989 and reach a significant trend in 1999. Concurrently, abrupt early heading and maturity are noted in 1996 (Fig. 4a, c) . By contrast, average temperature trends (T mean ) during VGP and WGP show an insignificant decline in the investigated stations in 1981-1988. After 1989, mean temperatures for both VGP and WGP start increasing, reaching a significant trend in 1999 (Fig. 4b, d ). Like the dates of heading and maturity, T mean for VGP and WGP abruptly increases in 1996 (Fig. 4b, d ). This suggests that changes in phenological phases of winter Fig. 2 Plots of mean dates of sowing (a), heading (b), and maturity (c) along with the lengths of time for the periods from sowing to heading (d), heading to maturity (e), and sowing to maturity (f) of winter wheat in the study area wheat are strongly related to temperature trends. The study shows that temporal trends in phenological phases of winter wheat are similar in characteristics to those in temperature.
In the stations, early mean date of heading (by 4.2 days per decade) is mainly after 1989 (Fig. 5a) . Also, mean temperature (T mean ) for VGP significantly increases (by 0.6°C per decade) in (Fig. 5a ). The trends in mean heading date and the corresponding temperature from sowing to heading (Fig. 5a ) are similar to the trends in mean maturity date and the corresponding temperature from sowing to maturity (Fig. 5b) . As depicted in Fig. 6 , the mean dates of heading and maturity of winter wheat are significantly correlated respectively with T mean of RGP and WGP. The results suggest that phenological changes in winter wheat in China are mainly driven by changes in temperature.
Adaptation to warming climate
Winter wheat is sensitive to temperature change. Temperature rise in the past three decades has led to changes in the phenological processes of winter wheat. Weather/climate variability affects crop phenological processes, causing shifts in phenological dates and durations. Observed changes in phenological phases or growth stages of winter wheat are tied to changes in temperatures.
T mean for VGP, calculated from mean sowing and heading date, increases by up to 1.16°C (Fig. 7a) . For all the investigated stations, T mean for VGP increases by 0.59°C per decade in Fig. 3 Plots of the trends in sowing date (a), heading date (b), and maturity date (c) along with the length of time for the periods from sowing to heading (d), heading to maturity (e), and sowing to maturity (f) of winter wheat in China. Note that stations with significant trend at p<0.05 are flagged in the plots (Fig. 7a) . Due to earlier heading date, however, the actual mean temperature (T′ mean , based on the observed sowing and heading date) for VGP increases by only 0.36°C per decade (Fig. 7b) . Similar to VGP, T mean for RGP (calculated from mean heading and maturity date) increases in all the stations, and significantly in 42 stations (Fig. 7c) . However, actual T′ mean (calculated from observed sowing and heading date) increases in 52 stations, and significantly in only 13 stations (Fig. 7d) . This is largely due to early heading and maturity dates in the stations.
For the overall average of the investigated stations, T mean increases by 0.54°C per decade in VGP in (Fig. 7c) . However, T′ mean only increases by 0.10°C per decade (Fig. 7d) . The above findings suggest that the early heading and maturity dates of winter wheat are due to warming weather and climate variability. Early heading and maturity due to temperature rise in actual growth stages are less than that in calculated growth stages from mean phenological dates in 1981-2009. This is a vital winter wheat adaptation strategy to weather/climate variability in the study area.
Discussions
Spatiotemporal variations in weather/climate conditions affect plant phenological processes (Menzel et al. 2006) . Although soil conditions in most regions of China are suitable for winter wheat cultivation, wheat phenology significantly varies with climatic conditions . In spite of farming practices soil conditions, decreasing temperature with increasing latitude from south to north China favor early sowing while delaying heading and maturity of Fig. 4 Sequential Mann-Kendall test for heading date (a), mean temperature for the period from sowing to heading (b), maturity date (c), and mean temperature for the period from sowing to maturity (d). Dashed horizontal lines represent critical values corresponding to the 95 % confidence interval winter wheat. As a result, the durations of the growth stages vary with weather/climatic variability. While the duration from sowing to heading and sowing to maturity increases with increasing latitude, those from heading to maturity decreases with increasing latitude across China.
The results of our study show significant changes in phenological phases (e.g., sowing, heading and maturity dates) of winter wheat across China in the last three decades. Sowing depends not only on weather/climatic conditions but also on other factor such as soil water content and farm management practices (Moradi et al. 2013) . For the past three decades, the date of sowing of winter wheat delays in most of the data stations. also noted that delay of summer maize harvest is the main reason for the delay in sowing winter wheat in the wheat/maize double cropping system in the North China Plain. As winter wheat should sufficiently grow before dormancy sets in, warming weather delay dormancy and prolong active growth.
It is noted that the dates of the growth stages after winter (e.g., heading and maturity) occur early in most of the stations. Detailed analysis shows that the changes in the dates of heading and maturity correspond with temperature change in the study area. A significant advance is noted in the dates heading and maturity after 1989. This is also the period with the highest temperature rise in the study area. Although winter wheat responds to temperature via Fig. 5 Plots of the trends in mean date of winter wheat heading versus mean temperature for the period from sowing to heading (a), and mean date of winter wheat maturity versus mean temperature for the period from sowing to maturity (b) in China. *p<0.05 denotes significant trend processes such as intrinsic development and vernalization (Porter and Gawith 1999) , the timing of phenological phases such as heading and maturity is a reliable indicator for crop response to weather/temperature variability (Van Bussel et al. 2011 ). This suggests that warming weather favor early heading and maturity of winter wheat. This observation is in agreement with that of , that temperature rise (instead of cultivar shift) in the past several decades is the main cause of early maturity and shifts in other phenological phases of winter wheat.
Adaptation is critical for mitigating future vulnerability of crop production to weather/ climate variability (Misra 2013) . Due to early heading and maturity, temperature rise during winter wheat season (calculated from mean heading and maturity dates) is less than that during the growth stages (calculated from observed phenological dates). Also due to early heading, grain-filling now occurs under lower temperatures than before. This in turn prolongs the length of time from heading to maturity (RGP). This may be a main reason that the duration from heading to maturity is slightly prolonged in most of the investigated stations. In addition, dry Fig. 6 Plots of the correlations between mean date of winter wheat heading versus mean temperature for the period from sowing to heading (a), and mean date of winter wheat maturity versus mean temperature for the period from sowing to maturity (b) in China grain weight (quantified as the product of time and grain-filling rate) increases linearly with the duration of grain-filling (Biscoe and Gallagher 1977; . Thus, prolonged RGP (a critical yield formation stage) is potentially beneficial for high wheat productivity ). This is a useful adaptation strategy of winter wheat to warming weather and climate variability.
Conclusions
This study analyzes the shifts in the dates of winter wheat phenology in relation to weather/ climate variability during 1981-2009 in China. The study notes the start of early heading and maturity in 1989. This is also the starting period of temperature rise in the country. The study suggests that warming weather and climate variability is the main cause of the shifts in the dates of winter wheat phenology in China. Early dates of heading and maturity prolong the growth stages, which in turn result in high winter wheat productivity. This is a critical adaptation strategy of winter wheat to warming weather and climate variability in the study area.
The changes in the dates of crop phenology directly affect the processes of crop development, yield formation, and more importantly food security. Monitoring the response of crop development and phenology to weather/climate variability is therefore important for sustainable food security. This study adds further insight to crop performance monitoring process. The results further deepen our current insights into the impacts of weather/climate variability on future crop production and food security trends. The additional knowledge acquire from these insights could strengthen our ability to develop adaptable crop cultivars to warming weather and climate variability for sustainable food production/security to meet the food demands of the rapidly growing world population. Fig. 7 Plots of the mean temperature for the period from sowing to heading calculated from mean sowing and heading date (a), mean temperature for the period from sowing to heading calculated from observed sowing and heading date in each year (b), mean temperature for the period from heading to maturity calculated from mean heading and maturity date (c), and mean temperature for the period from heading to maturity calculated from observed heading and maturity date in each year (d). Note that stations with significant trend at p<0.05 are flagged in the plots
